Retinoids exert various functions including anti-proliferative and anti-inflammatory effects on many cell types including keratinocytes and are widely used in skin diseases, such as psoriasis and acne. We have previously shown that human keratinocytes express low affinity immunoglobulin E receptor (Fc€RlII CD23) when stimulated with interleukin-4. Immunoglobulin E ligates CD23 and induces the production of nitrites (reflecting the mobilization of the nitric oxide [NO]-pathway) and tUlnor necrosis factor-a by human keratinocytes. Here, 13-cis and a.l1-tJ'alls retinoic acid (RA) were shown to reduce the production of nitrites by inImunoglobulin E-activated keratinocytes by 80% in a time-and concentration-dependent fashion. As a consequence, RA derivatives also reduced the production of tumor necrosis factor-a by these cells by 70%. The level ofinducible NO synthase N itric oxide, a hi ghl y reactive free radical produ.ced by man y hum an cell types, in cl uding kera tinocytes, has em erged as an im portant m ediator o f inAamm atory responses (Stuehr and Marietta, 1987; Dilliar el Ill, 1992; Hibbs eI ai, 1992; N li ss le r el ai, 1992; Mon cada and Higgs, 1993; Than hause r e( ai , 1993; M ossalayi et ai, 1994; Nathan and Qiao-Wen, 1994; Dames and Liew, 1995) . We hav e previously shown tha t activation of normal hum an e pide rm al ke ratinocytes leads to the stimulation of the nitri c ox id e (NO) pathway and to the re lease of l11an y potent proinAal11m ato ry m e diators, such as tumor necrosis factor (TN F)-a and in te rl e ukin (IL)-6 (Bcchcrel c ( ai, 1994 b). H ence, NO produced by ac tivated keratin ocytes, in concert with TNF-a and other proinflamma to ry cytokines, such as IL-1 or IL-6, mi g ht ca use so m e of the inAammatory lesions in psoriasis or acne (Y os h.in ad a e( nl, 1995).
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13-cis (i sotretinoin) and ,,/I-trails [etinoic acid (tretinoin) are widely use d in prolife rativ e and/or inAammatory skin diseases, snch as psoriasis, acne, e pidermotropic T-cell lymphomas, o r epithe li al skin ca nce rs (Luceck and Colburn , 1985; Fisher c ( ai , 199 1) . A major pathw ay through w hi ch RA exe rts its antipro liferative and differe ntiatio n effects is be li eved to invol ve binding to nucl ear RARs (retinoic acid receptors a, (3, and ')I), m embe rs of th e steroid receptor superfamily (Durand c( 01, 1992; C hambon , 1994) . Cytoplasmi c binding proteins, CRABPs (cellula r rctinoi c acid binding prote ins) , have also been identifi ed , but the ir fun ctions remain to be d etermined (Astrol11 c ( ai, 1991) . In a pre vious work, we id enti fied a new m ec hanism of action of RA as potent inhibitors of NOS in duction in keratinocytes activated thro ugh nonspecific stimuli (lip opolysaccharide [LPS] / interferon [IFN]-')I) (D echerel et nl, 1994a) . In another report, we demonstrated that these cells expressed the low affinity immunoglobulin (lg) E receptor (FcERll I CD23) 
I
The Netherlands). Anti-C023 mAb (clone 135) was a kind gift from Dr. Kilchherr (Ciba-Geigy. Basel, Switzerland) .
I Cells, Cell Culture, and Activation Human keratinocytes were obtained from nco natal foreskins and expanded by ex "i"" cultures as previous ly described (l3echerel ct nl. 1994b). I3riefly, the skin pieces were incuba ted with collagenase type I purifi ed from C I()stridill'" hist"I),(iClIIII (Sigma) a nd trypsin (l3iosys. Co mpicgne, France). The epidermal layer wa s I dIen .separarcd from the dermis and incubated. in the culture mediul~l for kerannocytes (SFM medIUm, supplelllented With 0.'1 ng/ml recomblnanr human EGF and bovine pituitary extracts) . The low hydrocortisone co n-I centration of the SFM mediulTl ("10 -" M) prevents the few fib roblasts still present £1'0111 expanding. Keratin ocytes were then cultured ill 25_cm 2 plasti c flasks (Becton Dickinson, Plym o uth , UK). Conflu ent cultures of keratinocytes were trypsillized and transferred to 24-well plates (Becton Dickinson) at lOS celis/ mil well. They were treated for 48 h with recombinant human 1L-4 (50 ng/ml) and indu ction of CD23 antigen was confirmed by Unm unosta ining (immunoperoxidase) (I3cchere l ct ai, 1994b). Cells were dIen stim ulated for 24 h with the various ItA derivatives used at 0.25, 0.5, 1. and 2 J.LM. Keratinocytes were then treated with the 'lI1ti-CD23 IllAb (0-25 J-Lg/ml) for diflerent peri ods of time (0-48 h) or sequentiall y with hum all IgE for J h (10 Jig/ ml) and anti-human IgE (5-50 Jig/ ml, 0-48 h). To iuvesrigate the effect of hydrocorti sone or EGF 011 the nitri te synthesis capability of activated cell s, so me experiments were done in SFM medium devoid of h ydroco rtiso ne , EGF, o r both.
To confi rm the antipro li fe ra tive eflect ofRA derivatives on keratinocytes. cells were transferred into 96-well plates (20,000 cells/well1200 Jil), and incubated w ith the different ItA derivatives for 48 h. One mi croc urie of ['H]thymidine was then added for 18 h in the we ll s and th e cells were ITYpsinize d and harvested in a Skao'on (Becton Oickil1Son).
To investigate the ability o f keratinocytes to recover their pro li ferative properries when sta rved from RA. cells that had been treared with 13-cis KA (2 JiM) for 24 h were washed with PBS aud reincubated with the keratinoeyte culture medium withoul retinoid derivatives. The cells were then harvested at different times (48 , 72. 96 . and 120 h) and their prolife ration was assayed.
We also assayed whether keratinocytes co uld rega in their abi li ty to ~ecrece I1jtritcs w he n sta rved fro 111 ItA deri vatives by ln ea n s of the following experime ntal procedme: after 48 h of stimulation with 13-cis ItA (2 f.LM) , keeatinoeytes were ex ten sivel y washed with PI3S and resti mulated with IgE/allti I gE, and supematants were co llected to assay nitrite produ ction at 48, 72, 96 , and 120 h .
Nitrite and TNF-a Assays The am ount of sta ble nitrite , the end produ ct of NO generated by human keratinocytes. was determin ed in supernatants by the Griess reaction as described elsewhere (Green et nl, 1982) . TNF-a Ievel5 were assayed in the same cell supernatants by a specifi c enzymelinked Unml1llosorbent assay (Medgcnix. Fleurus. Oelgium), the sensibility of which was 13 pg/ml. NOS Enzyme Assay NOS assay was performed as described elsewhere (Sands el al. 1994 ; Vou ldoukis et nl, 1995). Drieliy. 10 7 ce lls per condition were lysed in a buffer containin g protease inhibitors (Icupeptin . pcpstatin.
bestatin. chymostati n. TLCK, and AEBSF) and dithiotreitol by three to four cycles of f]'eezing in liquid lticrogen and thawing threc to four times. They were then centrifuged at 20,000 X g fo r 1 h at 4°C; 20 Jil of supernatant (tile cytoso l) was then in cubated at 3rC with K 2 PO.,. MgCI 2 • CaC I" va line. citrulline. NADPl-I. and 0.66 /-LCi/ml [L-'4Clargiltinc. The reaction was stopped with a resin suspension that binds selectively to L-arginine but not to L-citru lline (Biorad , R..i chmond. V A). and the supernatant removed into sc intillation vials with an aqu eo us liquid scinti ll ant (ALC"", Amersham). T he reaction wa s llIade w ith or witllont EGTA (2 mM) to determine the Ca 2 + independent activity of the inducible enzym e. 'lI1d with N"'mon o-methyl-L-arginine to dercrmin e th e ba ckgro und.
Inducible NOS l11RNA Analysis Human CD23 + keratinocytes wcre activated wi til anti-C023 or IgE/a nti-l gE for various periods of time in the presence of 2 JiM of 13-ci.< or ali-traIlS ItA to inv estigate the effect of these compounds on the indu cible NO s)~lthase (iNOS) mKNA transcription. For ml"l...NA isolation , 3.10" cells/assay wete treated in KNAzole'" (I3io-probe, Montreuil-sous-Bois, France) for 3 to 4 h. Total RNAs were then exu'acted with a modified single-step guanidinium isothiocyanatc and phel.lOl/chloroform ex:raction method. Keve rse transcription. se mi-quanrtt:ttl VC 1111lNA amphticanon. and visualization of the poi),l11crasc C h~lil1 reaction products were performed exacdy as previously described usi ng the following specifi c primers (Keiling e( nl. 1994; Decherd ct o/. 1995) : iNO sCnse (5 ' ATGCCAGATGGCAGCATCAGA 3 ' , exon 8. bases 1020-1040) . and iNOS antisense (5 ' ACTTCCTCCAGGATGTTGTA 3', exon 11 , bases 1371-1390); hydrm:yphosphoribosylo'ansferase (Hl'RT) mRNA seme (5' TATGGACAGGACTGAACGTCTTGC 3') and HPKT mRNA antisense (5' GACACAAACATGATTCAAATCCCTGA 3'). The expected fragment amp li fied from iN OS mRNA is 371 bp long. while a 496-bp fragment is expected to be ampli fied fro m HPKT message. The molecul ar we ight marker VI (Bgll-digested pBR328 DNA + Hi/lfl-digested pBK328 DNA; I3oehringer-Mannhcim) was used.
RESULTS
C023 expression b y keratinocytes requires indu ction by IL-4. Therefore, a ll experiments were performed w ith IL-4-pretreated keratinocytes.
Inhibitory Effect ofRA Derivatives on CD23-Mediated NO (Nitrites) Generation by Keratinocytes Unstimulate d keratin ocytes produced undetectabl e a mounts of nitrites in the presen ce or absence of RA a lone (2 /LM , 48 h) , whereas stimulation of the cells with rgE/a n~i-lgE induced high levels of nitrites (Fig 1A) .
StJn~u l a tlOn exp e rJments co nducted in m e dium d evo id of h ydrocortI so n e and/or EGF showed no signifi ca nt difFere n ces in nitrite leve l.s secre ted as compared with stimulation in suppl e m e nted m e dium (data not shown). Pretreatment of the cell s with 13-cis RA (2 /LM), but I~O~ vehicle a lone, significantly decreased their abi lity to produ ce nltnt e~ III res~onse to IgE/a nti-lgE (Fig 1A) . Similar res ults were obtamed WIth all-lratts RA (data not shown) . By contrast, re tino] (Fig 1A) and retina l (data not shown) did not inhibit th is nitrite generation. Equivalent results were obta in e d when cell s were stimulate d with anti-C023 mAb (10 J-Lg/ ml, data not shown) . The efFect of activ e RA derivatives on nitrite produ ction b y keratinocytes was also co n centration-and tim e -dependent: the inhibitory efFect starte d with 0.25 /LM RA derivatives and reac h ed a p la tea u at 2 J-LM with a maximum inhibition after 48 h of treatment (Figs 2A and 3A) .
Inhibitory Effect of RA Derivatives on TNF-O' Production by Activated Keratinocytes T he efFec t of ill lIitro RA deri vatives treatment on TNF-a rel ease by activated human keratinocytes was next in vestigated. CD23 + ce ll s (10 5 ) were activated in 24-we ll pl ates with IgE (1.0 /Lg/ ml) /anti-l gE (50 /Lg / ml) in the presen ce o r absence of RA d e rivativ es (2 /LM). After 48 h , cell supematants were harvested and assayed for TNF-a. activity. Of the retinoids tested, 13-ci5 RA and ali-trailS RA were the most pote nt inhibitors ofTNF-a production b y activated keratinocytes (Fig IB) . R etin a l and retinol did not inhibit TNF-a production ( Fig IB) . RA had no effect on TNF-a release b y nona ctiva te d keratinocytes and dimethyl su lfoxide (the vehicle use d for delivering RA to the c ultures) h ad no effect on IgE/a nti-l gE-indu ce d TNF-a produ ction . . 1"tA-med iated suppression of nitrites and TNF-a produ ction b y activated keratinocytes was time-and con centration-depe ndent Human keratinocytes (10' ) werc activated in 24-well plates with IgE (10 fLg/ ml) for 1 h 'lnd thcll anti-l gE (50 fLg/ml) . in the presence or absence of 13-cis R.A (2 fLM, added 24 h before the cell activa tion). Aftcr 48 h, ccll-fi'ee supernatants were harvested and assayed fo r nitrites and TNF-a cOlltent as described in Matellals allli Methods. Resul ts are expressed as mean ± SEM of four diffcrent expcrimcnts. (Fig 2B and 3B) . The maximum inhibition was with 2 JLM and after a 48-h treatm e nt. A II-fmlls and 13-cis R.A exhibited si milar e ffects, willie re tino l and re tin,d did n ot inhibit T NF-a secretion , eve n after a 48-h exposure. Similar res ults were obtained w hen cells were sti mulate d w ith 10 fLg/ml anti-023 mAb (data not shown) .
Anti-Proliferative Effect and Inhibition of NO Secretion by RA 011 Activated Keratinocytes Is Reversible To demonstrate that retinoids w e re not toxic for ke ratino cyte s, we investig ated whether those cell s could recover the ir proliferative capaciti es alld their ability to release nitrites under IgE/a nti-lgE sti mul ation after R.A withdr<lwa l. T h e ce ll s w ere wash ed after a continu o u s 48 h ex posure to R A and in cubated with the keratinocyte c ulture m edium alone. As shown in Fig 4 , the anti-proliferativ e e ffe, ct ofRA was co mpletely re versed 48 h later, and th e cells regain ed their abi li ty to re lease NO at 96 h. T herefore, the inhibitory effec t of R.A is reversible.
Inhibitory Effect of RA on the Activation of iNOS in Stinlulated Keratinocytes To investigate the mechanism of the inhibitory e ffect of retinoids on nitri te generation by activated keratinocytes , the effect of cell in cub ation with retinoids o n iNOS enzyme activity through th e con vers ion of [L-' "C ]arginine into Like all iN OS so far reported, the iN OS isozym e involved belonged to the Ca 2 + -independent class of NOS because EGTA addition did not modi fy the enzym atic activity in activated ceLI s (Fig 5) . Ex periments we re carried o ut to de termine at which level 13-cis RA inhibited iNOS activity b y activate d keratinocytes. R.A derivatives had no direct effect on NOS enzyme activity when added in tOtal cytosoli c extract (data not shown). Therefore, the effect of 13-cis RA on the inductio n of iN OS mRNA was n ext inves tigated using re verse transcriptase-po lymerase ch ai n reaction. As shown in Fig 6 IgE/an ti-lgE or anti-CD23 treatm ent induced the expression of iNOS mRNA expression after 6 h. This exp ress io n was max;mulU at 18 h and disappeared after 24 h. 13-cis R.A (2 JLM , 24 h pretreatment) strongly inhibited iNOS mRNA expression induced with IgE/anti-l gE or anti-CD23 treatment in keratinocytes. Und er the diffe rent conditions tested, equiva le nt amounts of HPRT specifi c mRNA were amplifi ed (Fig 6) .
DISCUSS ION
Activation of NO-d epe ndent pathw ay is an important event in the release of pro-inflammatory cytokines (IL-6, TNF-a ) b y stimul ated keratinocytes durin g inn ate immunity (LPS, IFN-I') . NO m etabolites, su ch as pe roxyn itrites produced during this activation, might acco unt for the sustai ning of skin infl ammatory diseases. In a previous work, we reported the potent inillbito ry effect of RA derivatives on NO-pathway induction by LPS / 1FN-1' in keratinocytes (Bechere l el "I, 1994a). In addition to non specifi c stimulation, the induction of iN OS transcription in human keratinocytes has also bee n suspected following other sti muli . We have previously demonstrated that these ce LI s expressed CD23 when stimulated with IL-4 or IFN-1' (Becherel et ai, 1994b) Time (h) I Figure 3 . 13 -cis RA induced a time-dependent inhibition of n.i~tes (.4) and TNF-a (B) production by epidermal keratinocytes. Keraono-C)1es were pretreated for 1 It with IgE, washed, then anti-l gE and/or RA (13-cis RA. 2 J1.M) was added to cultures at TO, as described in the legend to Fig L T h e supematants were harvested at the indicated times for detel111ination of nitrites a nd T NF-cv levels (mean :t SEM of fom different experiments).
I I
Here, we cl ea rly sh ow th e indu cti o n of a Ca2+ -inde p e nd e nt N OS through Dl easure m e nt o f nitrite sy nth es is, e n z ym atic activi ty, and mR.NA tran scription fo ll o win g C D 23 + k e ratin ocytes stimula ti o n 1 either wi th IgE/an ti-l gE or with an ti-C D 23 mAb. T o in ves tig ate wheth e r RA . d e riva tives co uld al so inhibit C D 23-de pe nde n t NOpathway indu ction , we assayed th e e ffects of th e t wo pote n t therape uti c RA d e ri vatives (nll·tralls and 13-ci5 isome rs) o n t he T h e iNOS IllRNA-ampl.ifi cd fra gm e nt is reprcsented by 3 71-bp bands. whereas HPRT co n trols arC re presc n tcd by 496-bp band s.
erative e ffect of th ese compo llnds, wh e n used at the same conce ntl'ation and time as those used for activation study. By contrast, retinol and retinal did not ex hj bit inh.ibitory e ffec ts on TN F-a and NO re lease fi'ol11 ac tivate d ke ratillocytes, and inhibited cell proliferation at a mu ch lower d egree, confirming that the most active re tinoids arc a/l-lrallS and 13-cis retinoi c acid (Reynolds el aI, 1993) . T he effect ofRA derivatives on cell proliferation Was transitory as the cells recovered fi.1 1I capaciti es of proliferation and activation w hen starved ofRA. This indicates that, in our conditions, the activity ofRA on keratinocyte stimulation was not du e to a trivial toxicity. The present work and the previolls study co ncerning the inhibitory effects of RA o n LPS/IFN-"y stimulation of ke rati no cytes (B eche re l et aI, 1994a) might thus explain th e th e rapeutic antiinflammatory activ ity ofRA obse rved in skin diseases (Orfanos and Runne, 1978; Pec k et aI, 1979) and the re l.apse ofte n o bserved after RA treatment in terrup tio n (Fulton and Pablo , 1974) . TNF-a has been shown to play an importa n t ro le in a numbe r ofinflamm ato ry and all e rgi c manifestations (Grau, 1990; Piguet, 1992; Bos and Kapse nberg, .1993 ) . Retinoids' abi lity to down-modulate th e expression of this cytokin e thro ugh inhibitio n of the NO path way activation may then ha ve relevance in many diseases , including IgE immune complex-mediate d pathologies. Indeed, T N F-a is produ ced during atopic de rm atitis in whj ch jmplica tion of such IgE immune complexes is clea rl y es tablished (Piguet, 1992) . Moreover, o ur pre limin ary data show simul ta neo us ill vil,o exp ress ion of iNOS and of TNF-a secretion in CD23 '" keratino cyte s involved in urtica ri an lesions (manuscript in preparation) . iNOS is a lso expressed durin g psoriasis, and re tinoids are used in the trea tment of severe pustular psoriasis; whethe r keratinocytes or endo th e lial cell s from th e dcrmal mic rovasculature are the cutan eous cell s exp ressin g iNOS is sti ll controv e rsial (Kolb-Bachofe n el ai, 1994; Rowe eI aI, 1994) . Taking into account o ur data concern in g ill 11;lro inhibition by RA d e rivatives of iN OS pathway activation during CD23 stim ulati on of keratiJlocytes, these potent NO pathway inhibitors might then be a new the rap c u tic alternative in skin all ergic o r inflammatory diseas es w he re IgE o r other potent ligands of CD23 on keratin ocytes could be involved. li fe t"allk Dr. 13clI"(//lIoll .{tl r wr~fi " r('adillg of th e IIwllllscript alld Dr. C ady (Cl illi'l"" CeojJi'o y S I-Hilaire, Pari,) 
